Atomic layer deposition powder coating

Technical field of the invention
The present invention relates t o methods and systems for coating small objects such as for example particles, powders or granular materials. More particularly, the present invention relates t o methods and systems for coating such objects using atomic layer deposition.
Background of the invention
Modification of the surface of particles, powders or granular materials often is performed for changing the chemical or physical characteristics of these objects or their surface. A large number of applications are known, such as improvement of wear and/or corrosion resistance of metallic objects and particles, catalytic activation of powders, controlling adhesion forces between particles, controlling the adsorption of water for small objects, etc. An often used surface modification technique is coating of the surface, thus allowing engineering of the surface properties of the objects. Another application involving coating of particles is the formation of core/shell structures or hollow structures. Core/shell structures can be created by coating of materials on particles and hollow structures can be obtained by removal, once the core/shell structures are obtained, of the core, for example by thermal decomposition at high temperature. The latter results in formation of hollow structures that are replicas of the original morphology of the particles. In this way, for example tubes or hollow spheres can be obtained.
The thickness and uniformity of the coating provided on the particles may be an important parameter influencing the properties of the object. It therefore is advantageous t o have methods and systems allowing conformal coating.
Nevertheless, despite the clear technological relevance, only few techniques have been explored for conformal coating of particles.
Some suggestions for solutions include deposition o n a pile of powder that is stationary during the deposition. Nevertheless, it has been shown experimentally that conformal growth for all particles in the pile is impossible due t o the small flux of precursors that reach the particles at the inner side of the pile. For example in atomic layer deposition, where conformal growth is expected as the deposition is controlled by self-limited adsorption reactions, it was shown that typically only the particles at the outer layers of particles of the pile are coated, even when reasonably long pulse and pump times (up t o minutes) are used.
Other solutions are based o n a fluidized bed approach. In such a fluidized bed approach a gas flow is used t o 'levitate' the particles. While this approach to powder ALD has been reported in literature, there are several disadvantages. Firstly, in order t o maintain fluidization, a high gas throughput is required. Using, often expensive, precursor gas for this fluidization is not advantageous. Attempts were made t o partially decouple the fluidization from the gas flow, by applying mechanical agitation. Mechanical stirring and/or the application of mechanical vibration allowed for fluidization at a pressure between 1-10 Torr. Given the restrictions o n gas flow and pressure, the fluidized bed approach is not compatible with the concept of plasma enhanced ALD. Secondly, the fluidized bed solution is limited t o fine powders, and cannot be used for e.g. granulates o r small objects. There is a need for a system with practical design for performing atomic layer deposition powder coating of small particles.
Summary of the invention
It is an object of embodiments of the present invention t o provide good methods and systems for conformal coating of particles. It is an advantage of embodiments according t o the present invention that accurate conformal coating of particles can be performed, with limited use of precursor materials.
The above objective is accomplished by a method and device according to the present invention. The present invention relates t o an atomic layer deposition system for providing a coating or treatment t o a plurality of three dimensional objects simultaneously, the atomic layer deposition system comprising a dielectric tube adapted for containing the plurality of objects under vacuum and at least one inlet for providing a gaseous material in the dielectric tube, wherein the dielectric tube is rotatable mounted so as t o be able t o rotate the plurality of objects under vacuum during atomic layer deposition for providing a coating or treatment on the plurality of objects. The plurality of three dimensional objects may be a plurality of small objects.
It may for example be a powder, particles or granular material, the invention not being limited thereto. It is an advantage of embodiments according t o the present invention that conformal coating of these three dimensional objects can be obtained at all outer surfaces of the objects. The dielectric tube being an outer dielectric tube may mean that outside the dielectric tube standard atmospheric pressure is present.
It is an advantage of embodiments according t o the present invention that a full separation between movement of the objects and the deposition can be obtained by providing mechanical agitation of the objects while using gas flows for the deposition.
The system may comprise a controller for controlling the inlet of different gaseous materials in sequence.
The system furthermore may comprise an RF radiation generating means adjacent the dielectric tube for allowing RF The system may comprise a vacuum sealing means for allowing maintenance of a vacuum of 10~5 mbar, advantageously at least 5.10 6 mbar, more advantageously 2.10 6 mbar at a rotation speed of the dielectric tube of at least 1 rpm, advantageously at least 20 rpm, more advantageously at least 50 rpm. It is an advantage of embodiments according t o the present invention that good vacuum can be maintained for rotation speeds sufficiently high t o rotate the plurality of objects t o bring each side of the objects in contact with the precursors.
The system may comprise a static metal flange and a rotatable metal tube, wherein the vacuum sealing means may comprise a first seal for providing a vacuum sealing between the rotatable dielectric tube and the rotatable metal tube, and a second seal for providing an oil-based sealing between the rotatable metal tube and the static metal flange. A vacuum sealing means may be provided at each side of the rotatable dielectric tube. It is an advantage of embodiments according t o the present invention that a vacuum tight system can be obtained wherein a dielectric tube is rotatable, thus allowing e.g. RF plasma enhanced treatments.
The tube may comprise mechanical indentations so as t o make the plurality of objects tumble and maintain them within a reaction area of the dielectric tube for at least a predetermined amount of time. It is an advantage of embodiments according t o the present invention that the plurality of objects t o be coated can maintained in the reaction area based on mechanical obstructions and not based or not solely based on centrifugal forces, thus allowing the system t o operate at relatively small rotation frequency. The latter assists in maintaining good vacuum conditions. The system may comprise a feeding means for providing a continuous feed of objects t o be coated or treated. It is an advantage of embodiments according t o the present invention that the system can be easily upscaled, thus allowing coating for large quantities of objects.
The feeding means for providing a continuous feed of objects may comprise mechanical indentations in the dielectric tube for propagating the plurality of objects through the dielectric tube upon rotation. It is an advantage of embodiments according t o the present invention that a relatively easy implementation of a continuous feed system can be provided.
The at least one inlet for providing a precursor material may be connected t o a vessel containing the precursor.
The at least one inlet for providing a gaseous material may consist of one entrance point for gaseous material t o enter the tube, per type of gaseous material. It is an advantage of embodiments of the present invention that the number of entrance points for gaseous material entering the tube can be limited so as t o be able t o limit the pumping time. It is an advantage of some embodiments that complex showerheads allowing quick uniform distribution of the gas and comprising a plurality of entrance points can be avoided. The latter is especially possible as ALD is a technique based on self-limiting adsorption reactions.
The present invention also relates t o a method for conformal coating or treating of a plurality of three dimensional objects simultaneously, the method comprising providing a plurality of three dimensional objects simultaneously in a dielectric tube under vacuum rotating the dielectric tube so as t o rotate the plurality of three dimensional objects, and providing, during said rotating, precursor materials so as t o coat or treat the plurality of objects using atomic layer deposition.
The method further may comprise providing RF radiation in the dielectric tube so as t o induce plasma enhanced atomic layer deposition.
The method may comprise maintaining the plurality of objects in a reaction region of the dielectric tube using mechanical blocking components.
The method further may comprise propagating the plurality of objects through the dielectric tube at a predetermined speed so as t o allow continuous feeding of objects.
The present invention furthermore relates t o a three dimensional object treated or coated using a method for conformal coating as described above and/or using atomic layer deposition in a system as described above. 
Description of illustrative embodiments
The present invention will be described with respect t o particular embodiments and with reference t o certain drawings but the invention is not limited thereto but only by the claims. Any reference signs in the claims shall not be construed as limiting the scope. The drawings described are only schematic and are non-limiting. In the drawings, the size of some of the elements may be exaggerated and not drawn on scale for illustrative purposes.
Where the term "comprising" is used in the present description and claims, it does not exclude other elements or steps. Where an indefinite or definite article is used when referring t o a singular noun e.g. "a" or "an", "the", this includes a plural of that noun unless something else is specifically stated.
Furthermore, the terms first, second and the like in the description and in the claims, are used for distinguishing between similar elements and not necessarily for describing a sequence, either temporally, spatially, in ranking or in any other manner.
It is t o be understood that the terms so used are interchangeable under appropriate circumstances and that the embodiments of the invention described herein are capable of operation in other sequences than described o r illustrated herein.
Reference throughout this specification t o "one embodiment" o r "an embodiment" means that a particular feature, structure or characteristic described in connection with the embodiment is included in at least one embodiment of the present invention. Thus, appearances of the phrases "in one embodiment" or "in an embodiment" in various places throughout this specification are not necessarily all referring t o the same embodiment, but may. Furthermore, the particular features, structures or characteristics may be combined in any suitable manner, as would be apparent t o one of ordinary skill in the art from this disclosure, in one or more embodiments.
Similarly it should be appreciated that in the description of exemplary embodiments of the invention, various features of the invention are sometimes grouped together in a single embodiment, figure, or description thereof for the purpose of streamlining the disclosure and aiding in the understanding of one or more of the various inventive aspects. This method of disclosure, however, is not t o be interpreted as reflecting an intention that the claimed invention requires more features than are expressly recited in each claim. Rather, as the following claims reflect, inventive aspects lie in less than all features of a single foregoing disclosed embodiment. Thus, the claims following the detailed description are hereby expressly incorporated into this detailed description, with each claim standing o n its own as a separate embodiment of this invention.
Furthermore, while some embodiments described herein include some but not other features included in other embodiments, combinations of features of different embodiments are meant t o be within the scope of the invention, and form different embodiments, as would be understood by those in the art. For example, in the following claims, any of the claimed embodiments can be used in any combination.
In the description provided herein, numerous specific details are set forth.
However, it is understood that embodiments of the invention may be practiced without these specific details. In other instances, well-known methods, structures and techniques have not been shown in detail in order not t o obscure an understanding of this description.
In a first aspect, the present invention relates t o a system for simultaneous conformal coating of a plurality of three dimensional objects. Such three dimensional objects may be small objects. The objects may for example be particles, powder o r granulate material, although the invention is not limited thereto. The objects can have a smooth surface or can be porous, such as for example zeolites. The system is adapted for performing atomic layer deposition (ALD) for creating the conformal treating or coating. It is an advantage of embodiments according t o the present invention that the technique allows providing a coating with uniform thickness. The system may be especially suitable for surface modification of small objects in bulk.
According t o embodiments of the present invention, the system comprises a dielectric tube adapted for containing the plurality of objects. The dielectric tube may be made of any suitable dielectric material, such as for example quartz, glass or alumina. Advantageously, the material used is adapted for being resistant t o sufficiently high temperatures, so as t o allow the necessary chemical and/or adsorption reactions for performing the atomic layer deposition process. The dielectric tube is mounted in a rotatable way, so as t o be able t o rotate the plurality of objects within the tube, during atomic layer deposition. The rotation speed may be of the order of at least lrpm, for example between 1 rpm and 500 rpm o r between 10 rpm and 200 rpm. The latter induces mechanical agitation of objects contained in the tube, thus allowing exposing all surface areas of the objects t o gas ambients created.
It is an advantage of embodiments according t o the present invention that the mechanical agitation provided by the rotary motion allows precursor gas t o adsorb onto the entire surface of all objects, thus allowing t o provide a conformal and uniform coating on the objects. The latter is obtained by providing a rotary motion of the tube in which the objects may be contained, resulting in continuous tumbling of the objects and exposing the entire surface t o the gas ambient. It is also an advantage of embodiments according t o the present invention that agitation of the particles and gas flow or gas pressure can be decoupled completely, by using mechanical agitation by rotation. The latter allows optimization of use of precursor gasses, which often are expensive. Furthermore, as no gas flow or pressure is used for the agitation, it provides the option t o work in substantially stationary regime. The latter is also advantageous t o reduce pulse and pump cycles, especially when treating objects having large surface areas and small pores or where objects are staggered so that only small spacings are available between them.
According t o embodiments of the present invention, the system may be adapted for maintaining a vacuum o r predetermined gas pressure level in the tube during the deposition. The system may be adapted for maintaining a vacuum may be of the order of at least 10 2 mbar, advantageously at least 10 4 mbar, more advantageously at least 5.10 6 mbar and still more advantageously at least 2.10 6 mbar. The system furthermore advantageously is adapted t o maintain such a vacuum or predetermined gas pressure level at rotation speeds as described above.
According t o embodiments of the present invention, the system furthermore comprises at least one inlet for providing a gaseous material in the dielectric tube. The reaction unit 110 furthermore comprises at least one gas inlet 120 for providing gaseous material like a precursor or reaction gas in the dielectric tube.
Advantageously, a gas inlet 120 is provided for each type of precursor and/or reaction gas t o be provided in the dielectric tube. For atomic layer deposition, it is advantageous that the number of entrance points per type of precursor or reaction gas t o be introduced is limited, preferably equals one. The latter is advantageous as it reduces the number of inlet portions t o be pumped, when a switch t o a different reactor gas o r precursor is t o be made. Furthermore, as the reaction is self-limited the position of the inlet with respect t o the objects is less an issue.
The powder may be loaded in different ways, such as for example by using an inner dielectric tube which may be coupled t o the rotatable dielectric tube 112, the inner dielectric tube thus also becoming a rotatable dielectric tube, using a continuous feeding system, etc. Where in the present application reference is made t o the rotating dielectric tube 112, reference may be made t o an outer dielectric tube as well as t o an inner dielectric tube.
The rotatable dielectric tube 112 may be rotated using a motor 130. The motor may be any type of motor allowing t o obtain a suitable rotation speed. It may for example be an electric motor. The motor may be equipped with a transferring In combination with rotation of the dielectric tube 112, the indentations ensure that the particles are continuously intermixed, even at low rotation speeds. The mixing thereby is based o n tumbling of the objects.
It is an advantage of embodiments according t o the present invention that the objects to be treated or coated can be kept continuously in motion, thus allowing easier acces of the precursor gasses t o the surfaces of the objects. It further is an advantage of embodiments according t o the present invention that continuous motion may also prevent agglomeration of objects during the treating or coating process.
It is an advantage of such embodiments that the systems and methods for distributing particles within the tube during deposition are practical, as they can be performed at low rotation speeds, nor relying exclusively o n centrifugal force, and as they offer the potential for upscaling t o a continuous feed of objects.
The dielectric tube 112, may be evacuated by a pumping means 140. Such a pumping means 140 may comprise a roughing and/or high vacuum pump, depending o n the vacuum required. In one embodiment, the pumping means 140 may combine a rotation and a turbomolecular pump.
Each of the at least one gas inlet may be connected with a gaseous material reservoir 150, such as e.g. a precursor reservoir o r a reaction gas reservoir.
Introduction of precursors o r reaction gas may be performed in a controllable way, for example using gas inlet control means 152. It is an advantage of embodiments according t o the present invention that the system may be adapted with a controller for providing different gaseous materials in sequence. The gas inlet control means 152 may comprise for example mass flow controllers and/or needle valves and/or computer controlled pneumatic shut-off valves, the invention not being limited thereto, t o control the amount of gaseous material and/or the timing. In one embodiment, t o optimize the use of expensive precursor gas, one could work in a stationary gas regime, whereby the dielectric tube 112 is connected t o the precursor reservoir 150 containing for example the precursor in a liquid form and being such that the pressure in the dielectric tube 112 equals the vapor pressure of the precursor. To prevent condensation in such a setup, the precursor liquid either may be cooled below room temperature (provided it can still generate enough vapor pressure), o r the entire system of gas lines and chamber may be heated significantly higher than the precursor reservoir t o avoid condensation.
After a certain 'pulse' or exposure time, the remaining vapor gas is pumped from the chamber, and the chamber can be filled with a further precursor or reacting gas (e.g. water vapor or oxygen). Since there is no gas flow during the pulse (static exposure), the (often expensive) precursor gas will be used efficiently in such an embodiment.
The system 100 furthermore may comprise a furnace 160, in order t o bring the reaction region at the appropriate temperature for the reaction t o occur. The furnace 160 may be controlled using a temperature control means 162, which may be For ALD, there is often a minimum reaction temperature t o enable the surface reaction, hence a furnace 160 around the dielectric tube can advantageously be used.
The region inside this furnace is the deposition zone o r reaction zone. For certain precursors, it may also be necessary t o heat up all other sections of the reactor outside this reaction zone in order t o avoid condensation of the precursor vapour (especially for the above case of 'static mode'). This would give rise t o three temperature controls : one for the bubbler (to create precursor vapour) at a first temperature, one t o maintain all parts of the reactor outside the reaction zone slightly above the first temperature (to avoid condensation), and one for the reaction zone itself (determined by the minimum temperature required by the surface reaction).
It is an advantage of embodiments according t o the present invention that the system is flexible and can be easily combined with other processing chambers and other techniques. Consequently, whereas some of the above components may be provided in the system, the present invention is not limited thereto and some components may be used in common with other systems, such as for example other coating systems. Some examples of components that may be used in common are the pumping system, a power supply for an RF unit (as will be dicussed further), the precursor and gas handling system, etc.
In one embodiment, although the system is adapted for atomic layer deposition (ALD) processes, the gas handling and pumping may be adjustable t o allow chemical vapor deposition (CVD) as a coating technique in the atomic layer deposition.
By way of illustration, the present invention will be further described with reference t o a number of particular embodiments, the present invention not being limited thereto.
In one particular embodiment, the present invention relates t o a system as described above, wherein the sealing means for providing a substantially vacuum tight rotary tube comprises a double sealing. The double seal may be provided t o obtain a first seal between the dielectric tube and a rotatable metal part, moving at the same rotation speed, and a second seal between the rotatable metal part and a static metal part. The latter allows providing a seal between a static and rotatable component as a seal between two metal parts, allowing an easier vacuum tight sealing than a sealing between a static metal part and a rotatable dielectric part. By way of illustration, an example of such a double sealing is illustrated in FIG. 4 . It is t o be noticed that, whereas sealing at only one side of the rotary unit is described and shown with respect t o FIG. 4 In another particular embodiment, the present invention relates t o a system as described in any of the above embodiments, wherein furthermore a means for generating RF radiation in the dielectric tube is provided. The means for generating RF radiation may for example be an inductor coil wound around the dielectric tube, although the invention is not limited thereto. Alternatively, the means for generating RF radiation may comprise a set of planar electrodes, mounted inside the vacuum chamber. The latter may be less advantageous as it results in a more complicated design and decreased reliability of the system as electrodes and electric feedth roughs also will be coated by the In still another particular embodiment, the present invention relates t o a system as described in any o r a combination of the above embodiments, wherein furthermore a means for providing continuous feeding of objects t o be treated o r coated is provided. The means for providing continuous feeding may provide objects The present invention furthermore relates t o a method for performing atomic layer deposition simultaneously on a plurality of three dimensional objects. The method is especially suitable for providing a conformal coating o r treatment, e.g. with uniform thickness, t o three dimensional objects. The method according t o embodiments comprises the steps of providing a plurality of three dimensional objects simultaneously in a dielectric tube under vacuum. The latter may for example be particles, powder o r granular material, the invention not being limited thereto.
The method further comprises providing a rotation of the dielectric tube, so as t o rotate the plurality of three dimensional objects. The latter allows exposing of the whole surface of the three dimensional objects t o precursor o r reactant gas, thus allowing improved conformity of the process while being able t o treat or coat large quantities. The method also comprises providing, during said rotating, precursor materials so as t o coat or treat the plurality of objects using atomic layer deposition. were performed, whereby each cycle comprised a 5 seconds pulse of TMA followed by a 30 seconds evacuation period, a 5 seconds pulse of H 2 O and another 50 seconds evacuation period. The total length of one cycle therefore is 90s. The rotation speed of the system is 36 turns per minute with a diameter of the dielectric tube of about 4cm. After the deposition, it was confirmed using SEM that no change in morphology of the particles could be seen. From EDX it could be seen that Aluminum and oxygen indeed are present o n the particles after deposition while these were absent prior t o deposition, which can be seen as confirmation of the deposition of A I 2 O 3 .The latter is illustrated in FIG. 10 , illustrating the EDX spectrum (full line) after deposition and the EDX spectrum (dashed line) prior t o deposition.
In a fourth particular example, plasma enhanced deposition of aluminium oxide o n titanium powder is described. Again 200 cycles at an environmental temperature of 80°C were performed, whereby each cycle comprised a 5 seconds pulse of TMA followed by a 15 seconds evacuation period, a 5 seconds pulse of O 2 plasma pulse at IOOW power and another 15 seconds evacuation period. The total length of one cycle therefore is 40s. The rotation speed of the system is 36 turns per minute with a diameter of the dielectric tube of about 4cm. After the deposition, it was confirmed using SEM that no change in morphology of the particles could be seen. From EDX it could be seen that aluminum and oxygen indeed are present o n the particles after deposition while these were absent prior t o deposition, which can be seen as confirmation of the deposition of A I 2 O 3 . The latter is illustrated in FIG. 11,  illustrating the EDX spectrum (full line) after deposition and the EDX spectrum (dashed line) prior t o deposition.
In a second set of particular embodiments, thermal atomical layer deposition of aluminumoxide on Tungsten filaments is discussed. The deposition is performed using 200 cycles at an environmental temperature of 80°C, whereby each cycle comprised a 5 seconds pulse of TMA followed by a 20 seconds evacuation period, a 5 seconds pulse of H 2 O and another 20 seconds evacuation period. The total length of one cycle therefore is 50s. The rotation speed of the system is 36 turns per minute with a diameter of the dielectric tube of about 4cm. The filament used was a Tungsten filament having a spiral shape. Before deposition no aluminium signal could be found in EDX spectra of the filaments. Aluminumoxide deposition o n the filament could be detected after deposition, both at the inside of the filament as well as at the outside of the filament. A carbon peak also was present because the filament was taped using carbon tape. FIG. 12 illustrates an EDX spectrum recorded at the inside of the first filament, whereas FIG. 13 illustrates an EDX spectrum recorded at the outside of the first filament. It can be seen that after deposition, oxygen and aluminium is present according t o the spectrum.
The above examples illustrate amongst others that mass coating of volumetric items can be performed using atomic layer deposition using embodiments according t o the present invention.
It is t o be understood that although preferred embodiments, specific constructions and configurations, as well as materials, have been discussed herein for devices according t o the present invention, various changes o r modifications in form and detail may be made without departing from the scope of this invention as defined by the appended claims. Whereas in the present invention a method and system are described for applying atomic layer deposition t o a plurality of threedimensional objects simultaneously, the present invention also relates t o threedimensional objects treated or coated using such a technique. As some embodiments according t o the present invention introduce the possibility for plasma enhanced atomic layer deposition on a plurality of three-dimensional objects, thus allowing reduction of the processing temperature or allowing new types of reactions, embodiments of the present invention relate also in particular t o three-dimensional objects that have received such a treatment or coating.
